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ABSTRACT
A new generation of micro-rover has been designed, fabricated and assembled.
This micro-rover was built to meet specifications of the Explosive Ordnance
Division (EOD) of the United Sates Navy. The design is based on an earlier
micro-rover prototype, MITy-2, which was developed at Draper Lab to maneuver
and perform scientific experiments autonomously on Mars. The EOD micro-
rovers are designed for Earth-bound missions, specifically retrieving unexploded
munitions autonomously in a post-war cleanup effort. Vast improvement to the
baseline MITy-2 micro-rovers was needed, including a complete redesign of the
steering system and suspension, and the addition of a mechanism specifically
designed to retrieve the explosive. Two identical prototypes of the EOD micro-
rovers have been completed. These prototypes may now be used as a testbed for
control software and various grappler concepts.
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CHAPTER ONE
INTRODUCTION
1.1. MOTIVATION
Unexploded ordnance (UXO) left behind after a combat situation creates many
potential hazards. The most obvious hazard is the accessibility of the explosives to
the general population of the combat area. If a region is not completely cleared of
UXOs, inhabitants of the area can be fatally injured through either accidental or
intentional contact with the explosives. This is especially true for residents of third
world countries with access to the UXOs, as these people often attempt to extract
and then sell the valuable metals found in the explosives.
Clearing UXO is an important task that currently requires slow and dangerous
processes that expose personnel and equipment to considerable risk. In the current
manual UXO clearing approach, areas suspected of having UXO are first
partitioned into sectors with corners delimited by flags. In each sector, a four- to
eight-man sweep team (Figure 1.1) visually scans the area for UXOs. Based on
preliminary investigation, the risk during the manual sweep is considered much
less than the risk involved in clearing the UXO. UXOs are dangerous and can
explode or detonate even when handled with care.
Figure 1.1: Sweep team looking for UXO.
Once a UXO is located, all services except the Marines execute blow-in-place
(BIP): personnel place a detonation charge, stand off 1000 yd, and return 30
minutes after detonation. The Marines execute a manual pickup and carry-away
(PUCA) procedure to gather the UXOs in a common location for later detonation
(Figure 1.2). (The detailed procedure is not discussed here because portions of the
methodology are classified.)
Figure 1.2: UXO gathered by U.S. Marines.
An estimate of the efficiencies of the two methods, BIP and PUCA, may be
approximated by the rough statistics in Table 1.1 gathered from manual EOD
operations. The data indicate an approximate efficiency gain of a factor of 5 by
using the PUCA method as compared to the BIP method. Increased efficiency not
only reduces the time to clear a designated area, but also reduces the manpower
required to accomplish the same tasks. Only 3000 EOD technicians are available
from all the military services combined, and they must do much more than UXO
clearing [1].
1-Day Efficiency
Method Gross Statistics [UXOs/Man] Comment
PUCA 1000 UXOs/Day 3103 UXOs gathered in period of 4
(USMC EOD) by 125 days including 2 short days due to
8-man team bad weather. (6 h = one full day)
BIP 100 UXOs/Day Air Force data (4 h = one full day;
(other services) by 4-man 25 less than acre area covered by team)
team[ 14 ]
Table 1.1: Comparison of BIP and PUCA methods.
1.2. FIRST YEAR PROJECT GOALS
Draper Lab has been awarded a contract by the Explosive Ordnance Division
(EOD) of the United States Navy to address the issues described above using
micro-rover technology. Specifically, Draper is developing a system capable of
autonomously clearing UXOs via the PUCA process.
A micro-rover capable of picking up a UXO, carrying it to the designated drop-off
location and then releasing the explosive is called a Small Autonomous Robotic
Technician (SMART) micro-rover. The SMART micro-rovers must be able to
perform several tasks. They must build a hazard map, navigate to within 1 m2 of
the UXO, exactly locate the explosive, pick up the UXO, and carry the explosive
to the disposal site. An individual SMART rover is called a Basic UXO Gatherer
(BUG). Each of these BUGs will be very similar to the MITy-x series of rovers
previously designed and built at Draper. Figure 1.3 shows a schematic of a typical
bug with it's accompanying pick-up mechanism mounted on the front platform.
The micro-rover is a six-wheeled vehicle with three modular platforms (front,
center, and back).
Figure 1.3: Schematic of a typical micro-rover.
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The duration of the EOD project is three years. At the culmination of the first
year, the BUG should be able to create an obstacle map, navigate to the UXO, pick
up the UXO, and then carry it to a disposal site. These tasks will be performed
under laboratory conditions, and the UXO's will be of a single given size and
shape. By the end of the first year of the project (July 1996), the goal is to build
two BUGs that will be able to successfully execute the following commands under
laboratory conditions:
(1) Waypoint-slow: Proceed to a commanded location (waypoint) while
detecting and avoiding obstacles and hazards along the way. The
BUG should be able to navigate to within 10 centimeters of the
waypoint.
(2) Waypoint-fast: Proceed to a commanded location in a direct line at
high speed. This command is given when a clear path is known
to exist from the current location of the BUG to the waypoint.
(3) Collect-UXO: This command will initiate the BUG sweeping a 1 m2
area, using a UXO detector, to locate a UXO. A mechanism
(hereafter referred to as the "grappler") specifically designed to
retrieve the explosive will then capture the UXO.
(4) Deposit-UXO: This command will be issued after the BUG has
reached the designated drop-off location. At this time, the grappler
mechanism will release the UXO it previously captured.
1.3. THREE YEAR PROJECT GOALS
The total duration of the EOD project is three years. At that time, multiple BUGs
will be used for UXO retrieval. A central mini-rover will coordinate the BUG's
efforts, to ensure that the individual BUGs are retrieving the existing UXOs in a
highly efficient manner. Additionally, these operations will be performed under
field conditions, with unknown terrain and obstacles.
1.4. SCOPE OF THIS THESIS
My role on this project was to design, fabricate and assemble two prototype BUGs.
My work lies in the mechanical area, and other team members are responsible for
the electrical systems design and fabrication.
This thesis will first describe current Draper micro-rover technology and the
additional requirements of the EOD micro-rovers (Chapter 2). I will then give an
overview of the mechanical systems and their integration (Chapter 3). Hardware
based on these designs has been fabricated. The "skeleton" of two identical BUG
prototypes has been assembled.
In a more detailed fashion, the design of the grappler mechanism will be
addressed. The design process used for the grappler mechanism will be covered
from brainstorming through the first generation prototype (Chapter 4). Fabrication
and testing of this prototype will also be described, and the results of these tests
will be given (Chapter 5). Lastly, I will describe ongoing work and make
recommendations for future work (Chapter 6).
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CHAPTER TWO
EXISTING ROVER PROTOTYPES AND
IMPROVEMENTS NEEDED FOR EOD
2.1. RELEVANT EXISTING MICRO-ROVER PROTOTYPES
Before the EOD rovers, there were five distinct classes of rovers in the Intelligent
Unmanned Vehicle Center (IUVC) at Draper Lab. These five are the MITy-1,
MITy-2, MITy-3, and MITe micro-rovers and the Companion mini-rover. These
rovers are described in detail in References 2,3, and 4. Those prototypes that are
most relevant to this project are MITy-2 and Companion.
2.1.1 MITy-2
MITy-2 (Figure 2.1) is the second generation of micro-rover developed at Draper
designed for a mission to Mars.
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Figure 2.1: MITy-2 micro-rover.
The MITy-2 micro-rover is the most developed of the existing prototypes at
Draper. It is equipped with the a laser range finder that is used for obstacle
mapping and hazard avoidance. Tachometers located on the six drive motors and a
supplemental drag wheel give distance traveled information. A gyroscope used to
obtain heading information is also on MITy-2. Additionally, the MITy-2
platforms are equipped with inclinometers and accelerometers, from which the roll
and pitch of the platforms may be deduced. MITy-2 is also equipped with
proximity detectors that signal when a sharp drop-off in terrain is approaching and
bumpers that cause the rover to reverse direction when an obstacle is struck. A
servo motor provides actuation for the MITy-2 steering system.
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2.1.2 Companion
Companion (Figure 2.2) is a larger system (36 x 24 x 40 in) with onboard
hierarchical activity planning capability.
Figure 2.2: Companion mini-rover.
Companion has been developed with Draper discretionary resources to serve as a
unmanned vehicle test bed. Available operational modes range from complete
operator control to full vehicle autonomy. The robot is able to sense and map the
environment, track and localize its position, and plan and execute guidance
23
commands without external sources (i.e. computations are performed on-board
Companion instead of at a ground station). The hardware design strategy achieves
good system performance at affordable cost by fusing output from several low-cost
sensors [1].
Companion has the capability to coordinate the efforts of several SMART micro-
rovers in a very efficient manner. Since the path planning will take place on-board
Companion, the SMART rovers processors will be left free to process information
regarding the other systems on the micro-rovers.
2.2. EOD VS. MITY-2
To take advantage of existing rover technology at Draper, the MITy-2 rover has
been chosen as the starting point for the SMART rovers. It was decided chosen as
the baseline for the SMART micro-rovers because MITy-2 is the most developed
of the existing micro-rovers at Draper.
2.2.1 Mechanical Systems
Although we will use as much from the MITy-2 rover design as possible, several
changes must be made. From a mechanical standpoint, the drive motors must be
upgraded to provide more speed and torque. For the SMART Project, a top speed
of 5 ft/s (instead of 1 ft/s for MITy-2) is specified. For this reason, new motors
must be selected that will increase the top speed of the rover while maintaining the
torque available with MITy-2.
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Also, the steering system must be upgraded to prevent failure. A Futaba steering
servo motor is used in the MITy-2 steering system. This servo is rated at
approximately 174 oz-in. However, the servo attained a torque of under 100 oz-in
before failure during testing. The torque provided by the servo is not enough to
turn the tires while the rover is not moving. Also, the steering servo fails
frequently during routine MITy-2 usage. The new steering system should alleviate
both of these problems.
Additionally, the wheel attachment method must be altered to avoid problems with
wheels coming loose from the motor shafts (a problem that exists on MITy-2).
The flexible body structure concept of the MITy-2 rover will be maintained, but
the frame attachments to the platforms will be improved. Lastly, the same type of
"hard" suspension system will also be used, though it's geometry must be altered to
accommodate the larger drive motors of the SMART rover.
2.2.1 Electrical Systems
Several changes on the "electronics side" will also be made. Most obviously, the
power system must be changed. The rechargeable Ni-Cad power supply currently
used on MITy-2 is able to power the rover for about one hour before recharging.
For the SMART rovers, a mission duration of 8 hours is desired. Additionally, the
larger drive motors use much more power than the smaller, less powerful drive
motors of MITy-2. This means the power supply must have a much greater
capacity than the MITy-2 power supply.
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A different set of sensors and components from those used on MITy-2 will also be
used on the SMART rovers. A UXO sensor (metal detector) and acoustic sensors
(sonar) will be needed in addition to those sensors already on MITy-2. There are
also several sensors and components on MITy-2 that will not be used on the
SMART rovers. These include the laser range finder, infrared proximity sensor,
drive motor current limits, sun sensor, and drag wheel. Optical encoders will
replace tachometers on the SMART rovers to give distance traveled. Magnetic
encoders on the steering motors will give steering angle. Both MITy-2 and the
SMART rovers are equipped with gyroscopes, bumpers, accelerometers to
measure incline, and data transmitters to relay data to the ground station.
A summary of the similarities and differences between the EOD and MITy-2
micro-rovers is shown in Table 2.1.
MITy-2 EOD Micro-rover
Tachometers Optical Encoders
Servo Feedback for Steering Magnetic Encoder
Gyro Gyro
Inclinometer and Accelerometers for Incline Accelerometers only
Drag Wheel No drag wheel
Sun sensor No sun sensor
Bumpers Bumpers
Laser Range Finder Acoustic Sensors (Sonar)
Infrared Proximity sensors No Proximity sensors
Drive Motor Current Limits Drive Motor Current Limits
Small drive motors Large drive motors
Steering servo motor DC motor/worm gear steering system
Friction attachment for wheels Larger set screw attachment for wheels
Video camera Video camera
Video transmitter Video transmitter
Data transmitter Data transmitter
Spring steel flexible frame attachment Machined wire clamping brackets
No grappler system Grappler system
No UXO sensor UXO sensor
Relative low capacity power supply Much higher capacity power supply
Table 2.1: MITy-2 vs. EOD micro-rover.
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2.2.3 Packaging
Table 2.2 summarizes the location of the most important components on the
SMART micro-rovers.
Front Platform Middle Platform Rear Platform
Steering System Data Transmitter Steering System
Grappler System Gyroscope Accelerometers
Accelerometers Microprocessor Bumper
Bumper Video Transmitter Power Supply
Sonar Video Camera Motor Driver Circuit
UXO Sensor LPS Receiver
Table 2.2: Component location on SMART rovers.
Figure 2.3 shows a schematic of the aluminum electrical enclosure located on the
center platform of the micro-rover.
28
Figure 2.3: Drawing of center platform electrical enclosure.
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CHAPTER THREE
MECHANICAL SYSTEMS
3.1. MECHANICAL SYSTEMS OVERVIEW
The mechanical systems of the EOD micro-rover (Figure 3.1) include the frame,
steering system, drive motors, drive motor support system, wheels/tires, and the
grappler mechanism.
Figure 3.1: EOD micro-rover prototype.
3.1.1 Frame
The frame consists of three 1/8" thick aluminum plates. The front and rear plates
are 6" long and 6" wide (Figure 3.2). The center platform is 7.5" long and 6" wide
(Figure 3.3). The three platforms are connected with two 18" lengths of 3/32"
diameter steel music wire. The wire is clamped to the plates by slotted aluminum
brackets (Figure 3.4) that are screwed into PEM nuts mounted in the aluminum
plates. The music wire is clamped so that the platforms are 4" apart. Together, the
music wire and comparatively rigid platforms form a "flexible frame" design. This
permits the rover to deform in a manner that leaves all 6 tires in contact with the
ground, resulting in maximum traction [2].
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Figure 3.3: Drawing of center platform.
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Figure 3.4: Drawing of wire brackets.
3.1.2 Steering System
The steering system used in the EOD micro-rover prototypes is a worm steering
system. The steering system uses Ackermann steering, which rotates the inside
wheels of the micro-rover through a greater angle than the outside wheels when
the vehicle is turning [5]. This reduces friction between the tires and the ground.
Figure 3.5 shows the schematic of the rover geometry that determined the location
of steering linkage pivot points necessary to obtain Ackermann steering.
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The new steering system consists of a Micro Mo 1724 motor and 16/7 14:1
gearhead. This motor is mounted to the front and rear platforms by a machined
bracket. (Figure 3.6)
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Figure 3.6: Drawing of steering motor bracket.
The gearhead output shaft is coupled to a double threaded worm gear. The worm
interfaces with a worm gear (Figure 3.7) inside of a machined gear box (Figure
3.8), creating a worm gear ratio of 30:1. The worm wheel adapter (Figure 3.9,
3.10) attaches to the worm gear. Two dowel pins are pressed into the top of the
worm wheel adapter. The inboard end fittings (Figure 3.11) of the steering linkage
slip over these two dowel pins. The steering rods (Figure 3.12), threaded left-
handed on the inboard end, screw into the inboard end fittings. The outboard end
of the steering rods screw into the outboard end fittings (Figure 3.13) in a right-
handed fashion. Since the ends of the steering rod are threaded in opposite
directions, the hex-shaped steering rod can simply be rotated to adjust the length of
the entire steering arm assembly (steering rod and both end fittings). The outboard
end fittings then slip onto dowel pins that are pressed into the extension arms of
the drive motor support system.
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The servo steering system used in MITy-2 can be backdriven, which means that
constant active control is necessary to maintain the desired steering angle.
Conversely, this worm system is not backdrivable. Therefore, active control of the
steering angle is not needed, which conserves on-board processor time.
The following table gives the specifications of the new steering system. Note that
torque calculations are performed for two different worm / worm gear
combinations. The efficiency value, 0.92, was provided by PIC, the makers of the
gear combination.
Table 3.1: Specifications of steering system.
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Description Specification or Calculated Value
Torque Constant 3.32 oz-in/Amp
No-Load Motor Speed 8000 RPM
No-Load Motor Speed After 14:1 Gearhead 571 RPM
Stall Torque Before Gearing 1.49 oz-in
16/7 14:1 Gearhead Efficiency 0.80
Stall Torque After 14:1 Gearhead 16.69 oz-in
16/7 14:1 Gearhead Rating 42.5 oz-in continuous; 63.8 oz-in int.
No-Load Motor Speed After 30:1 Worm Gearing 19 RPM
Stall Torque Using 0.92 Efficiency Worm Gearing 461 oz-in
The final no-load speed of 19 RPM for the steering system should be fast enough.
Of course the loaded speed will be even lower, but extremely fast steering
response time is not very important in our application. The torque output of this
steering system is 461 oz-in. Both of these values are substantially higher than the
values of the servo motor used on MITy-2 (rated at 174 oz-in and tested at under
100 oz-in).
3.1.3 Drive Motors
The drive motors for MITy-2 have stood the test of time. They have performed
very well, with no mechanical problems. For the SMART Project, however, a top
speed of 5 ft/s (instead of 1 ft/s for MITy-2) is specified. For this reason, new
motors must be selected that will increase the top speed of the rover while
maintaining the torque available with MITy-2.
The motor used on MITy-2 is a Micro Mo 2842 with a 23/1 134:1 gearhead. The
specifications for this motor/gearhead are given in Table 3.2.
DESCRIPTION VALUE
Torque Constant 3.11 oz-in/Amp
No-Load Motor Speed Before Gearing 5100 RPM
No-Load Motor Speed After Gearing 38.05 RPM
Stall Torque Before Gearing 6.9 oz-in
Stall Torque After Gearing 924.6 oz-in
No-Load Rover Speed After Gearing 1 ft/s
Gearhead Rating 99 oz-in continuous; 141 oz-in int.
Table 3.2: MITy-2 drive motor specifications.
As the above table shows, the previous motors did not stall until 924.6 oz-in of
torque was applied to the gearhead. However, the gearheads are rated at only 141
oz-in before damage to the gearhead could occur. From these values, it is obvious
that if the motors are stalled damage to the gearhead is likely. This is not a
desirable trait for the motor/gearhead combination to possess.
Since the gearheads on MITy-2 have not been damaged, testing was performed to
estimate the approximate load the gearhead is under during normal operation. To
perform this test, a 0.1 ohm resistor (small compared to the 5.3 ohm armature
resistance) was inserted between the power source and the motor. The voltage
drop across the resistor can then be measured, and the current to the motor can be
calculated using Ohm's law. After the current to the motor is known, the torque
can be calculated using the previously specified torque constant. The tests were
performed with and without the software currently used on MITy-2. The rover
was run under "no-load" conditions. For the purposes of this analysis, the term
"no-load" is used to describe any situation in which the rover is traveling on a flat
surface, unimpeded by any obstacles. The rover was also run into a relatively
large obstacle with the MITy-2 software running, which stalled the rover. The
rover was run over the same obstacle without the MITy-2 software. The results for
each of these tests is given in Table 3.3.
Test Voltage Drop Current Torque
No-load w/ Software .010 V .10 A 41 oz-in
No-load w/o Software .013 V .13 A 54 oz-in
Into Obstacle w/ Software .038 V .38 A 158 oz-in
Over Obstacle w/o Software .070 V .70 A 292 oz-in
Table 3.3: Results of torque tests on MITy-2.
These results explain why the gearheads have not been damaged to this point. The
software, which limits the current to the motors, has been stopping the current
once it reaches 0.38 A, or about 158 oz-in. This is barely above the gearhead
rating of 141 oz-in intermittent, and we would not expect to see damage. Another
very useful piece of information from the above results is that the rover used 292
oz-in of torque to climb over the large obstacle. This means that if we can supply
that much torque with the SMART rover, we will be able to climb many of the
obstacles that would have stalled the MITy-2 rovers.
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After taking this data into consideration, a drive motor and gearhead were chosen
for the SMART Project. The motor selected is a Micro Mo 3557 and the gearhead
is a 32PG 25:1. The specifications for this motor/gearhead combination are in
Table 3.4.
DESCRIPTION VALUE
Torque Constant 3.32 oz-in/Amp
No-Load Motor Speed Before Gearing 4800 RPM
No-Load Motor Speed After Gearing 192 RPM
Stall Torque Before Gearing 16.29 oz-in
Stall Torque After Gearing 407.2 oz-in
No-Load Rover Speed After Gearing 5.05 ft/s
Gearhead Rating 318.8 oz-in continuous; 425 oz-in int.
Table 3.4: 3557 Motor with 32PG 25:1 gearhead.
From this data, it can be seen that the motor will stall at 407.2 oz-in. Since the
gearhead is rated at 425 oz-in intermittent, the gearhead should not be damaged.
This also means the motor and gearhead can provide over 400 oz-in of torque for
climbing obstacles. Software will not be needed to limit the current to the motors.
Lastly, the rover speed specification of 5 ft/s has been met.
3.1.4 Drive Motor Support System
The drive motor support system (Figure 3.14) consists of the gearhead washer,
extension arms, motor collar, and platform arms.
Figure 3.14: Drive motor support system.
The gearhead washer (Figure 3.15) attaches to the drive motor gearhead using four
screws. By attaching directly to the drive motor gearhead and also clamping to the
motor (see the motor collar description, below), the potential problem of the
gearhead unscrewing from the drive motor is eliminated. (This was, in fact, a
problem encountered with the MITy-2 drive motor gearheads).
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Figure 3.15: Drawing of gearhead washer.
Two screws also affix the gearhead washer to the extension arms (Figure 3.16).
The extension arms are slotted, and these slots mate with the motor collar. Two
screws through the extension arms and motor collar secure the connection.
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Figure 3.16: Drawing of extension arms.
The motor collar (Figure 3.17) fits around the motor. The collar is a complete
circle, with the exception of a saw-blade width slit cut through the collar. A screw
passes through this slit, and allows tightening of the collar around the motor. This
method ensures a perfect fit.
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Figure 3.17: Drawing of motor collar.
Dowel pins are pressed into the bottom and top of the motor collar. Those dowel
pins are mated (via a slip fit) with the platform arms (Figure 3.18). The steering
angle of the micro-rover changes via rotation of the drive motor assembly around
the axis formed by the dowel pins. The platform arms are clamped to the
platforms by four screws.
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Figure 3.18: Drawing of platform arm.
Only the front and rear sets of wheels should turn when the micro-rover's steering
angle is changed. For this reason, a method to lock the rotation of the motor collar
relative to the platforms arms was needed on the center platforms. To remedy this
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problem, a screw is inserted into the small space between the motor collar and
platform arms on the center platform. A washer and nut are then tightened onto
the screw, locking the rotation of those previously free axes.
3.1.5 Wheels/Tires
Aluminum hubs (Figure 3.19) were machined for the EOD micro-rover. The
wheels are nearly the same design as those for MITy-2 [2]. However, instead of
using a #4-40 set screw to attach the wheels to the drive motor gearhead shafts (as
in MITy-2), a #8-32 screw is used. The wheels on the MITy-2 micro-rover came
loose periodically, and using these larger screws is seen as a possible fix to the
problem. The large screws will increase the contact area of the friction hold and,
ideally, eliminate loosening of the wheel.
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Figure 3.19: Drawing of wheel.
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Since the same size of wheels are used in EOD as MITy-2, and much larger drive
motors are used on the EOD micro-rover, packaging became a difficult problem to
address. It is quite a challenge to design the drive motor support system to fit into
the same envelope (the wheel) as the previous rover version when the primary
component of the drive system (the drive motors) has increased greatly in size.
Figure 3.20 shows the assembled drive motor system inside of a wheel. Note the
small clearance between components.
Figure 3.20. View of drive motor system inside of wheel.
The tires used for the EOD micro-rover are also similar to those of MITy-2. Like
the MITy-2 tires, these tires are made for remote control 4x4 hobby trucks.
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3.1.6 Grappler Mechanism
The grappler mechanism is needed on the EOD micro-rover to capture and release
UXOs. The grappler mechanism is described in detail in Chapters 5 and 6. These
chapters will cover the grappler from early brainstorming through fabrication of
the first grappler prototype.
3.2. INTEGRATION OF MECHANICAL SYSTEMS
Figure 3.21 shows the mechanical systems of the EOD micro-rover, with the
exception of the grappler mechanism. This picture is taken from underneath the
vehicle.
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Figure 3.21: Mechanical systems of the EOD micro-rover.
The frame can be considered the "center" of the vehicle and everything is built off
of the frame. The steering system consists of two separate steering apparatus,
mounted on the front and rear platforms.
Mounted to the three platforms are the six platform arms (one for each wheel
assembly). As described earlier, the motor collar of the drive motor assembly and
the platform arms mate via a dowel pin.
The four extension arms (described above) on the extreme front and rear of the
vehicle also have a dowel pin pressed into them. It is with this dowel pin that the
steering system mates. The steering rod turns the tires through the desired steering
angle through this connection.
The grappler mechanism is mounted to the top side of the front platform, which is
otherwise free. When the micro-rover is moving at relatively high speeds, the
grappler mechanism is in a stowed position, with it's center of gravity over the
front platform. When the BUG is searching for a UXO, capturing a UXO, or
releasing a UXO the grappler will be in front of the micro-rover.

CHAPTER FOUR
GRAPPLER MECHANISM DESIGN
4.1. INITIAL GRAPPLER CONCEPTS
The grappler mechanism is located on the front platform of the EOD rovers. This
mechanism must deploy from the platform, capture the UXO, return to the
platform for transit, and then release the UXO at the designated drop-off location.
Grappler mechanism technology is new to the IUVC at Draper, so the grappler
design effort was started with a clean slate and without preconceived notions.
Figure 4.1 shows fourteen potential grappler concepts. These were obtained
through an initial brainstorming meeting. The author acknowledges that all of
these concepts are not viable for a variety of reasons. A description of each
concept follows:
(1) Pitchforks. Two pitchforks are oriented 180 degrees apart and then
brought together underneath the explosive. The UXO is trapped in
the "V" between the pitchforks. The explosive is released by moving
the pitchforks away from each other, allowing the UXO to drop.
(2) Rake onto lift. The grappler is composed of two separate
mechanisms. First a lift will be placed on the ground in front of the
explosive. Then, a separate rake will contact the explosive from the
rear and pull the UXO onto the lift. To release the explosive, the
rake will be removed and the explosive will roll out of the inclined
lift. If necessary, the rover will be quickly accelerated backwards,
and the inertia of the UXO will force the UXO to slide off of the lift.
This concept should work equally well for all sizes, shapes, and
orientations of UXO. However, this concept will perform well only
on relatively flat terrain because the lift needs a flat area on which to
sit.
(3) Claw. The claw will approach the UXO from above. The claw will
be lowered in an open position around the explosive and then closed
to capture the UXO. To release the explosive, the claw will simply
be opened. The success of this concept will depend greatly on size,
shape, and orientation of the UXO. The claw will be very good at
capturing explosives on uneven terrain, where the UXO is hard to
reach.
(4) Scoop. For this concept, a scoop will undergo a carefully planned
translation and rotation simultaneously, elegantly capturing the
UXO. To release the UXO, the scoop will simply be turned upside
down. Obtaining the proper control over this device is likely to be
problematic.
(5) Net with draw string. First, a net will be dropped over the UXO. A
drawstring will then be pulled, closing the net and therefor capturing
the explosive. Releasing only the UXO (now tangled in the net) will
be extremely difficult. Therefore, it is likely that the entire net will
be dropped. A problem is with this concept is that the net will
capture anything underneath it. Therefore, the net will capture any
rocks or other foreign matter located near the explosive.
(6) Adhesive on a stick. A stick or rod, with adhesive covering one end,
will be placed against the UXO and then be allowed to dry. The
UXO can then be lifted and carried to the drop-off point. To release
the UXO, the stick will be dropped. There are several potential
problems with this concept. The first is that the surface of the UXO
would have to be cleaned to ensure effective adhesion. Another
potential problem concerns the strength and drying time of any
readily available adhesive. It is questionable if a quick-drying
adhesive with high enough strength can be found.
(7) Vice jaws. For this concept, a vice-like mechanism will be lowered
around the UXO in an open position. The vice jaws will then be
closed to capture the UXO. To release the UXO, the vice will be
opened. Like the claw, the success of this concept will depend
greatly on size, shape, and orientation of the UXO. The vice jaws
will be very good at capturing explosives on uneven terrain, where
the UXO is hard to reach.
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Figure 4.1: Fourteen possible grappler concepts.
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(8) Articulated fingers. This idea is a variation on the claw concept.
The mechanism will be similar to a human hand. The hand will be
lowered around the UXO in an open position, and then closed to
capture the explosive. To release the UXO, the hand will be opened.
Once again, the success of this concept will depend greatly on size,
shape, and orientation of the UXO.
(9) Quick hardening foam. This concept relies on a quick hardening
foam currently used for crowd control. An object is sprayed with
this foam and in a matter of seconds the foam becomes rigid.
For this concept, a stick or rod will be placed in contact with the
UXO. The foam will then be sprayed onto the UXO, mating the
stick and the UXO. To release the explosive, the stick will be
dropped.
(10) Forklift. A forklift will be lowered in front of the rover. The rover
will then be driven forward and the forklift will slide under the
UXO. To release the UXO, the rover will be quickly accelerated
backwards, and the inertia of the UXO will force the UXO to slide
off of the forklift. This concept will work equally well for any size,
shape, and orientation of the UXO. However, it will not work well
on extremely uneven terrain. Also, without another object to push
the UXO against, it is conceivable that the forklift will simply push
the UXO along the ground, and never capture it.
(11) Vacuum suction cup. A suction cup will be placed in contact with
the UXO. Then, a vacuum will be created through suction,
attaching the cup to the UXO. To release the explosive the vacuum
will be released. This concept is likely to require a great amount of
power.
(12) Dart on a string. A dart will be propelled at high velocity toward the
UXO. When it strikes the UXO, the dart will pierce the outer UXO
casing and lodge itself inside the explosive. To release the
explosive, the string will be released. This concept has a number of
very obvious shortcomings. First, many of the UXO casings are
practically impenetrable, which means an extremely large force will
be needed to propel the dart. Also, very high accuracy of the dart
will be needed to pierce the desired location on the UXO.
(13) Chopsticks. For this concept, the UXO will be trapped between two
chopsticks. The chopsticks will be opened to release the UXO. This
grappler concept will be very difficult to control.
(14) Magnet. The explosives we are required to capture during the first
year of the project contain ferrous metal. Therefore, a magnet is a
viable method to capture the explosive. The magnet will be brought
within some certain range of the UXO and the UXO will be captured
by the magnet. To release the explosive, the entire magnet will be
dropped. A drawback of using a magnet is that all of the electrical
equipment on the rover could be effected by the magnetic field.
4.2. HOUSE OF QUALITY AND PUGH CHART
Figure 4.2 shows the initial "House of Quality" created for the grappler
mechanism. The House of Quality is a method of converting important customer
needs into engineering characteristics of the product [6,7]. This is done in a
subjective manner, and the end result is a weighted list of engineering
characteristics of the grappler. First, a list of important customer attributes is
created, and each of these attributes are weighted. Assigning these weights is
based on previous conversations with the customer (the EOD). However, these
weights are assigned in a somewhat arbitrary manner. It can be seen that the most
important customer attributes are believed to be a versatile pickup mechanism,
ability to drop off payload, reliable operation, and low cost production. Each of
these attributes is then correlated with a list of engineering characteristics of the
product (the grappler). A "1" in the matrix represents a weak correlation between
the customer attribute and the engineering characteristic and a "2" represents a
strong correlation. These correlation values are also assigned somewhat
arbitrarily, but care is taken to be as accurate as possible. By using the attribute
weights and the correlation values, we are able to arrive at a list of weighted
engineering characteristics of the grappler. It can be seen that the most important
engineering characteristics of the grappler mechanism are believed to be the ability
to release / drop off a UXO, low cost, low number of parts, and a grappler that is
not sensitive to UXO orientation or the UXO's center of gravity location.
B Able to drop off payload 10
C Low-cost production 8
D Reliable operation 8
E Minimize chance of detonation 5
F Minimize operator involvement 5
G Minimize power requirement 3
H
Sum: 49
ENGINEERING
CHARACTERISTICS
1 Easily grabs movable UXO
E.C.
IMPORTANCE
4.5%
2 Can lift/carry >2 kg UXO 1 4.5%
3 Pickup range of shapes 1 4.5%
4 Pickup 1" and 5" dia. UXO's 1 4.5%
5 Can grab UXO of any material. 1 4.5%
6 Not sensitive to UXO orientation 1 1 6.8%
7 Not sensitive to CG location 1 1 6.8%
8 Pickup partially buried UXO 1 4.5%
9 Grab partially covered UXO 1 4.5%
10 Pickup surrounded UXO 1 4.5%
11 Pickup UXO only 1 1 5.9%
12 Light-weight equipment 1 1.4%
13 Gentle handling of UXO 2 4.5%
14 Few piece-parts to mechanism 1 1 7.2%
15 Easily sealed against dirt 1 3.6%
16 Low-cost components 2 7.2%
17 Able to release/drop-off UXO 2 9.0%
18 Able to pick up wet UXO 1 4.5%
19 Requires little power to gratblift 1 1.4%
20 UXO secured during transport 1 1 5.9%
100% 0 % 0% 0% 4% 5% 7% 11% 11% 9% 54% 100.0%
Figure 4.2: Initial House of Quality for the grappler mechanism.
Figure 4.3 shows a Pugh Chart that was created for each of the initial fourteen
grappler concepts. In the Pugh Chart, the perceived performance of each concept
with regard to the engineering characteristics from the House of Quality is
estimated [8]. To perform this evaluation, a baseline, or datum, concept must be
chosen. We chose the forklift concept as the datum for the Pugh Chart. The
forklift was chosen because it is perhaps the simplest of the "truly mechanical"
grappler concepts (i.e. excluding those using foam, adhesives, vacuum, etc.). The
Housn of Quality I____
jCUSTOMER ATTRIBUTES WI. %
AfV,.erstiie pickup method 10290 I
weights of the engineering characteristics are found in the far left column of the
matrix. The baseline concept is assigned a value of "0" for each characteristic and
the other thirteen concepts are rated relative to the baseline. Values range from -2
to +2, with -2 meaning that the concept in question performs much worse than the
baseline for the given engineering characteristic and +2 meaning that this concept
performs much better than the datum for this engineering characteristic. The row
at the bottom of the matrix labeled "Sum" shows the overall ratings of the
grappler, using our best estimate of performance for each concept.
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Figure 4.3: Initial Pugh Chart for the grappler concepts.
4.2. FIRST GRAPPLER PROTOTYPE
The prototyping of the first grappler concept began in November 1995. It was
decided that all grappler concepts during the first year of the project would be
traditional mechanical pick-up mechanisms. This excluded the possibility of
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attempting any grappler concepts that used foam, adhesive, vacuum, etc. to capture
the UXO. This decision was made because we felt that the customer (EOD) would
be more receptive to a traditional concept, especially in the early stages of the
contract.
We also wanted to keep the mechanism very simple, because the first proof-of-
concept demonstration to the customer was scheduled for January 1996, only two
months after initial grappler design began. This eliminated the more complex of
the concepts like the claw, articulated fingers, and vice jaws.
With this approach in mind, the forklift was decided upon as the first prototype
concept. Figure 4.4 shows the forklift prototype.
Figure 4.4 Forklift prototype.
The motivation behind this model was only to get a quick idea of the feasibility of
the forklift concept. This prototype was rapidly fabricated out of wood and sheet
metal. A block of wood was used to represent the front platform, and sheet metal
was used to create the grappler mechanism. The pivots are simply machine
screws.
Testing under laboratory conditions was performed on this prototype. Laboratory
conditions, as stated here, means that the tests were performed on dry, hard, flat
terrain with no obstacles in the area of the UXO. The linkage for this concept is
designed so that the bottom of the platform is parallel with the ground when in the
stowed position (i.e. on top of the front platform) and flush with the ground when
grappler is completely deployed. Between these two states, when the forklift is
being actuated (by hand for this prototype), the forklift is always tilted back. This
prevents the UXO from escaping the grappler during mechanization.
Obviously, this concept will not perform well on rocky terrain, as the forklift can
not achieve flush contact with the ground. However, at this point in the project,
this is not a primary concern. As was previously mentioned, during the first year
of the project success is needed only under laboratory conditions.
This concept also did not perform particularly well on the flat terrain on which it
was tested. While the grappler was successful as capturing the UXO on occasion,
most of the time the forklift failed. Usually, the UXO would simply be pushed
along the ground, instead of sliding onto the forklift as we hoped. It was clear
from this performance that vast improvement was necessary.
4.3. SECOND GRAPPLER PROTOTYPE
Although the forklift concept was not deemed a success, we felt it was a good
starting point for the second grappler prototype. The forklift's linkage worked as
desired, with the backwards tilt during actuation preventing the UXO from
escaping the forklift. The most logical design to pursue at this point was the "Rake
onto lift" grappler concept. The idea behind this choice is that we need only to
incorporate a rake with the existing forklift design to achieve the desired result.
The UXO would not be permitted to simply slide along the ground when contacted
by the forklift. Instead, the rake would serve as a "backstop" and pull the UXO
onto the lift.
4.3.1 Designing the Rake
Two primary rake concepts were investigated for the rake design. A schematic of
the first is shown in Figure 4.5.
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Figure 4.5: Box on sliders rake concept.
For this concept, a box, open on the bottom, will be mounted on linear sliders. The
box mechanism will be attached to the forklift portion of the grappler. When
actuation of the forklift begins, actuation of the box will also begin. By the time
the lift is approximately halfway down, the box will be fully extended. The front
and back sides of the box will then be lowered to a position that surrounds the
UXO. This is essentially a double rake mechanism, with the front side of the box
serving as one rake and the back side of the box serving as the other rake. After
the UXO has been trapped between the two rakes, the box bill be actuated back
into the lift, and the front rake will capture the UXO. When the rover has reached
the designated drop-off point, the box will be actuated away from the lift. At this
time, the back rake will push the UXO off of the lift. The lift will then be raised,
leaving the UXO on the ground. After the box clears the UXO, it can again be
actuated to it's storage position--over the lift.
The second rake concept consists of a four bar linkage. This concept is shown in
Figure 4.6.
(Figure 4.6: Four bar linkage rake concept.
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For this raking mechanism, two links are tied directly to the forklift. The last link,
which connects the two aforementioned links, is L-shaped and serves as the raking
part of the mechanism. For this concept, the forklift can first be lowered
completely until contact is made with the ground. Then, the rake can be fully
extended and the rover can be driven forward until the UXO is within the
sweeping range of the rake. The rake can then be actuated to capture the UXO,
and the forklift can be brought into it's stored position (on top of the front
platform) for transport to the UXO drop-off location. To release the explosive, the
grappler mechanism is lowered to the ground and the rake is completely deployed.
The UXO will then either roll out of the lift, or the micro-rover can be accelerated
backwards, which will cause the UXO to slide off of the forklift. After the UXO is
released, the rake is brought to it's original stored position and the forklift is
returned to the front platform of the micro-rover.
4.3.2 Which Rake Design Is Best?
We feel that there are three main differences in the two rake concepts. These
differences are the ability to capture the UXO, the ability to release the UXO, and
the complexity of manufacturing the mechanisms.
The four-bar linkage has a definite advantage over the box method for capturing
the UXO. As Figure 4.5 shows, there is only a 4.7" window capture area when the
circular sweeping path of the box is taken into account. The UXO that the
grappler must capture for the first year of the project is approximately 3" long.
Therefore, only about 0.8" margin for error is left on each side of the explosive.
On the other hand, the four-bar linkage has, essentially, an unlimited capture area.
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After the forklift is down and the rake is fully deployed, the rover can be driven
forward any desired distance to capture anything in the rover's path. After the
rover has traveled the desired distance, the rake will simply be moved back to it's
stored position. This will capture any objects that have been cleared during the
forward travel of the micro-rover. Also, a method much like that used for the box
rake concept can be used to capture the UXO. The rake can be fully deployed
while the forklift is still on the front platform of the rover. Then, the entire
grappler mechanism can be brought down to surround the UXO, trapping it
between the forklift and the path the rake will sweep upon actuation. Figure 4.5
shows that this creates a window of approximately 4.9". This allows a margin of
error of about 0.9" on each side of the UXO, which is slightly more than the box
rake concept.
The box rake concept is clearly better for releasing the UXO. After the forklift
contacts the ground, the box is deployed and the rear rake (rear side of the box)
simply pushes the UXO out of the forklift. However, as described earlier, we must
rely on the inertia of the explosive for release using the four-bar linkage concept.
The ease of manufacture of these two concepts is debatable. It is our belief that
the four-bar linkage is the simpler of the two ideas. We believe that placing a box
on sliders is inviting the possibility of binding in the mechanism. It is somewhat
difficult to ensure that the sliders operate uniformly, and keep the box from
becoming cocked and binding the entire mechanism. Conversely, we believe the
four-bar linkage is relatively simple to create, with no obvious problems.
Based on these beliefs, we chose the four-bar linkage as our rake concept. We feel
that it's advantage in capturing the UXO and relatively simple design far outweigh
it's detriment in releasing the UXO. With that in mind, we chose the forklift and
four-bar linkage rake concept as our first grappler prototype. The fabrication and
testing of this prototype is discussed in the next chapter.

CHAPTER FIVE
GRAPPLER FABRICATION AND TESTING
5.1. GRAPPLER MECHANISM STRUCTURE
Figure 5.1 shows the grappler mechanism in it's stored position. It is located on
the front platform of the EOD rovers.
Figure 5.1: Grappler mechanism in stored position.
Figure 5.2 shows the forklift fully deployed and contacting the ground. At this
point, the rake is still in it's stored position.
Figure 5.2: Forklift is deployed, rake is stored.
Figure 5.3 shows the grappler mechanism with both the forklift and rake fully
deployed. It is in this configuration that the micro-rover can be driven forward and
the grappler can capture anything in it's path.
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Figure 5.3: Forklift and rake are fully deployed.
5.2. GRAPPLER FABRICATION
The forklift, rake, and the links for the grappler mechanism are constructed of
0.063" aluminum. To attach the grappler to the rover, an aluminum box is
mounted to the front platform of the rover and the four links for the forklift are
fastened to this box. All pin joints for the grappler mechanism are composed of a
screw, steel washers between aluminum links, and a nylon insert lock-nut. This
worked extremely well for the first prototype. The torsional stiffness of each joint
was easily controlled by tightening and loosening these lock-nuts.
5.3. GRAPPLER TESTING
After the prototype was completed, subjective testing was performed on the
grappler mechanism. The mechanism was tested on both level and uneven terrain,
and with the UXO at several different orientations with regard to the rover. Figure
5.4 shows the different UXO orientations used for testing. We will call these
orientations Position 1 (axis of UXO aligned with longitudinal micro-rover axis),
Position 2 (axis of UXO perpendicular to longitudinal micro-rover axis), and
Position 3 (UXO is "standing", with it's axis perpendicular to the ground). Note
that the UXO is a cylinder with a length of approximately 3 inches and a diameter
of approximately 1.25".
FRONT
PLATFORM
Pos iti on 3
Posi t i on 2
Pos ition 1
Figure 5.4: The 3 different UXO orientations used for testing.
In performing these tests, the UXO was placed in one of the three orientations
described above. The grappler performance for each of these orientations was
tested on both level and uneven terrain. For these tests, both the forklift and rake
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were actuated by hand, at what is believed to be a reasonable speed. Table 5.1
shows the results of these subjective tests. "Excellent" means the grappler always
captures the UXO for that orientation and terrain. Similarly, "Good" means the
grappler is usually successful, "Fair" means sometimes successful, and "Poor"
means rarely successful.
Table 5.1: Results of grappler prototype testing.
As expected, the grappler performed very poorly on uneven terrain. Since the
forklift is rigid it can not deform to hug the ground. Therefore, the UXO almost
invariably gets caught on the leading edge of the forklift when a capture is
attempted. The exception to this is if the UXO is in Position 2. Then, fairly
frequently, the UXO rolls onto the forklift despite a space between the ground and
the base of the forklift. We knew from the start of this design effort that this
concept would perform poorly on uneven terrain, so these test results are not seen
as disappointing. In the next chapter, an alternative flexible grappler design that
will remedy this problem is discussed.
The grappler performed very well on even terrain with the UXO in Position 2.
This is the ideal situation, however unlikely, that we hope to encounter in the field.
Level Terrain Uneven Terrain
Position 1 Fair Poor
Position 2 Excellent Fair
Position 3 Fair Poor
Here, the UXO is easily rolled onto the forklift and is captured. A bit troubling is
the "Fair" performance of the grappler mechanism for Positions 1 and 3 on flat
terrain. Even though the forklift is flush with the ground for this test case, the
UXO often becomes trapped between the rake and the leading edge of the forklift.
To improve the performance of the grappler on even terrain with the UXO in
Positions 1 and 3, future steps needed to be taken. We decided to simply grind the
leading edge of the forklift to a dull knife's edge. This increased the success of the
grappler on flat terrain with the UXO in Positions 1 and 3 to "Good"
(approximately 70-80% success rate).
Another potential problem that must be addressed is a lack of mechanical
advantage at the initiation of the forklift's deployment. The necessary torque to
initiate an empty grappler mechanism was found to be 30 lb-in, which is more than
expected. Of course, this required torque will increase with the added weight of a
UXO (up to approximately 2 lbs).
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CHAPTER SIX
CONCLUSION
6.1. SUMMARY
Two prototype micro-rovers were designed, fabricated, and assembled.
Requirements for these micro-rovers have been summarized. The design of the
subsystems has been described in detail. CAD drawings of all structural
components are provided. The design, fabrication, and testing of the grappler
mechanism are described in great detail.
6.2. CURRENT WORK
Current work on this project is focused on a second generation grappler
mechanism. Based on test results from the first prototype and additional desired
functionality, several changes are being made. An effort is being undertaken to
improve the forklift linkage, incorporate a metal detector(s) into the grappler
mechanism, and motorize the grappler mechanism.
As described in Chapter 5, the first generation grappler mechanism lacked
mechanical advantage at both the start of deployment and the initiation of lifting
the mechanism after a UXO has been captured. To correct this problem, a
different linkage is being designed for the forklift. This new mechanism will still
be a four-bar linkage. However, the new linkage is a parallelogram linkage. This
means that the two members that are tied to the front platform on one end and tied
to the forklift on the other end are parallel. This configuration creates a number of
advantages over the previous generation's linkage. First, this new linkage has
much more mechanical advantage than the previous linkage at the two most
demanding grappler positions (the start of deployment and the initiation of lifting
the mechanism after a UXO has been captured). This means that much less power
will be required to successfully operate the grappler.
Another advantage of this new linkage is that the base of the forklift is always
parallel with the ground. This bodes well for the incorporation of a metal detector
into the grappler mechanism. In the near future, a metal detector must be
incorporated into the base of the forklift in order for the rover to localize on the
UXO's position. To accomplish this task, the grappler mechanism will be
deployed until the base of the forklift is approximately 6" from the ground. The
grappler mechanism will be held in that position while the rover sweeps the
desired area. Metal detectors perform optimally when the detector is parallel to the
ground, so the new linkage is excellent in that regard.
This second generation grappler mechanism will also be motorized, unlike the
hand-actuated first prototype. Motors and gearing have been selected for this
effort. There are two identical motor/gearhead combinations, with the total
gearing being approximately 2000:1. One of these motors will actuate the forklift,
and the other will power the rake. Both motors will be mounted on the front
platform. The drive axis of the forklift will be powered directly from the motor,
and a belt and pulley combination will be used to direct power to the rake's drive
axis. The elapsed time from the initiation of forklift actuation to contact with the
ground will be approximately 5 seconds. The rake will also take about 5 seconds
to fully deploy. Figure 6.1 shows a schematic of the new grappler mechanism.
The anticipated completion date for the current work is the end of May 1996.
Figure 6.1: Schematic of current grappler mechanism.
6.3. RECOMMENDATIONS
From a mechanical standpoint, the micro-rover performed very well. However,
based on the test results reported in Chapter 5, improvement in the grappler
mechanism is clearly needed for the final two years of the project.
For the first year of the project, the grappler performs adequately. However, the
micro-rover will need to retrieve UXO on uneven terrain in the following years of
the project. To address this problem, improvement must be achieved in the
grappler mechanism. One possibility for a future grappler mechanism is to have
an open frame forklift and rake. Across the members of the open frame, a flexible
material can be stretched. When the grappler is deployed, this material can deform
to mold to the contour of the land. If capturing UXO on uneven terrain can be
accomplished, we will have an excellent chance of meeting the project over the
next two years.
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